Site-specific ion-irradiation is a promising tool fostering strain-engineering of freestanding nanostructures to realize 3D-configurations towards various functionalities. We first develop a novel approach of fabricating freestanding 3D silicon nanostructures by low dose ion-implantation followed by chemicaletching. The fabricated nanostructures can then be deformed bidirectionally by varying the local irradiation of kiloelectronvolt gallium ions. By further tuning the ion-dose and energy, various nanostructure configurations can be realized, thus extending its horizon to new functional 3Dnanostructures. It has been revealed that at higher-energies ($30 kV), the nanostructures can exhibit two-stage bidirectional-bending in contrast to the bending towards the incident-ions at lower-energies ($16), implying an effective transfer of kinetic-energy. Computational studies show that the spatialdistribution of implanted-ions, dislocated silicon atoms, has potentially contributed to the local development of stresses. Nanocharacterization confirms the formation of two distinguishable ionirradiated and un-irradiated regions, while the smoothened morphology of the irradiated-surface suggested that the bending is also coupled with sputtering at higher ion-doses. The bending effects associated with local ion irradiation in contrast to global ion irradiation are presented, with the mechanism elucidated. Finally, weaving of nanostructures is demonstrated through strain-engineering for new nanoscale artefacts such as ultra-long fully-bent nanowires, nano-hooks, and nano-meshes. The aligned growth of bacterial-cells is observed on the fabricated nanowires, and a mesh based "bacterial-trap" for site-specific capture of bacterial cells is demonstrated emphasizing the versatile nature of the current approach. † Electronic supplementary information (ESI) available: Si NW fabrication, the bending schematic, detailed bending experiments, Monte Carlo simulations, Si NW TEM sample preparation, global ion irradiation experiments, the bending mechanism: local vs. global ion irradiation, weaving of nanostructures, and bacteria lobster trap fabrication. See
Introduction
Energetic ion induced irradiation and implantation are used extensively for doping and inducing functionalities in the nanostructures for desired applications. 1, 2 Nanostructures exhibit unusual transformations under ion induced irradiation, due to the nanostructure dimensions being comparable to the collision cascade in contrast to their bulk counterparts, 1 providing extended functionality in the nanotechnology domain. The mesoscopic properties of these nanostructures under ion irradiation, in addition to the quantum size effects, are governed by the surface effects due to their high surface-tovolume ratio. The interplay among the size, shape, and composition of nanostructures, in addition to the ion species used, governs the physical and chemical characteristics. Mechanical properties such as tensile and compressive stresses can be developed in the lattice atoms under ion irradiation, which induces plastic deformation of nanostructures. [3] [4] [5] The ion-induced plastic deformation is considered as a combined effect of ion implantation, defect formation, and vacancy and interstitial generation; and ion irradiation has been demonstrated for tailoring of carbon nanotubes, 6 cantilevers, 7 semiconductor nanowires (NWs), 8 plasmonic nanostructures, 9 3D and thin lm origami nanostructures, 10, 11 etc. The irradiation and implantation of ions, depending on the balance between the damage formation and annihilation due to thermal spike, recombination rates, 12 can produce stresses of the order of several GPa. 13 Through a controlled dose of the ion beam, NWs can be aligned in different orientations towards the beam at sufficient ion doses. In addition, surface charging effects during ion irradiation result in electrostatic forces, which induce the bending in the direction opposite to the incident ion beam. 14 Ion-induced amorphization and recrystallization is also considered to play an important role during plastic deformation, and bending was demonstrated to occur in the regions which were fully amorphized. 15 Other phenomena are known to occur during ion irradiation, such as void induced stress generation, dynamic annealing of ion-induced defects, 16 the formation of interstitial clusters beyond the collision cascade, 17 and atomic mass transport. 18 These effects and plastic deformation rely heavily on the ion beam parameters such as energy, ion mass, ion dose, etc., and target properties such as geometry, composition, crystallinity, temperature, etc. Nanostructures also exhibit improved sputtering and dynamic annealing of defects in contrast to their bulk counterparts. Thus, the ion induced irradiation and manipulation of nanostructures become important to investigate the underlying mechanisms and designing anticipated functionalities.
This work demonstrates a novel method for fabrication of functional 3D nanostructures through (1) wet etching of ion implanted silicon (Si) for freestanding nanostructures and (2) ion induced in situ 3D deformation of the nanostructure. To investigate the fundamental mechanisms, Focused Ion Beam (FIB) equipped with a liquid gallium source was employed for in situ bending of Si nanowires (NWs), which have been fabricated through the proposed combined implantation/wet etching approach. Observation of bidirectional bending of these NWs, i.e. initially bending away and then bending towards the ion beam at an increased ion dose during successive time intervals, inspires controlled weaving and strain engineering of nanostructures for the realization of advanced 3D nanostructures for desired functionalities. The underlying physics and site-specic ion-induced bending mechanism of Si NWs are investigated through both experimental and computational studies, to provide new insights for controlling nanostructures in situ.
Materials and methods
Wet etching of ion implanted silicon FIB implantation experiments. Single crystalline (h100i), pdoped Si 10 mm Â 5 mm pre-cut chips from a 4-inch Si wafer (Ted Pella Inc., Product 16008) were used in this work for FIB implantation and etching experiments. The Si chips were cleaned with conventional cleaning (isopropyl alcohol and acetone) to ensure the cleanliness and remove contaminants, if any. The implantation was carried out using FIB with a gallium (Ga) ion source on a FIB/SEM system (FEI Quanta 3D system, Thermo Fisher, USA). The samples were placed at a eucentric height and Ga ion implantation was done at normal incidence. For fabrication of NWs, patterns with an optimized ion dose (2 Â 10 16 ions per cm 2 ), and a beam current 10 pA with a beam overlap of 50% were used. To fabricate the suspended NW, two rectangles contacting the NWs were implanted with a sufficiently high ion-beam dose to ensure these areas (contact pads) do not get etched. This way, the NWs are found to be comparatively straight against the NWs fabricated on a single contact pad, which bend due to the unavailability of any support at the other end. For suspended nanostructures, specically designed grayscale bitmap patterns were used for ion implantation. All the implantation experiments were carried out at an acceleration voltage of 30 kV.
Anisotropic wet etching. Etching of Si was carried out with 1.5 mol L À1 potassium hydroxide (KOH) solution. The KOH solution was prepared by dissolving commercially available KOH pallets (Sigma Aldrich Product Number 221473) in deionized (DI) water. The ion implanted substrates were le in the prepared KOH etchant solution for 3 h at room temperature for etching to take place. The etching time was determined from multiple experiments to allow enough etching to obtain fully suspended nanowires/structures. The etching was stopped by removing the substrates from the container and rinsing with DI water twice. The substrates were then placed in an ultrasonic bath in DI water for 1 min prior to drying in an oven at 50 C for 1 min. The use of an N 2 gun for drying the substrate was avoided to suppress any possibility of bending/fracture of nanowires.
In situ ion induced bending
Suspended Si NWs prepared through implantation followed by wet etching were used for in situ bending experiments in the dual beam FEI Quanta 3D system. The suspended NWs on two contact pads were rst cut by an ion beam of 1.5 pA current, to produce freestanding NWs for bending experiments. The NW cutting was carried out using a single pixel width line and beam overlap of 50%. No observable bending occurred under the optimized cutting conditions. Site-specic ion-induced bending was employed irradiating a rectangular pattern of dimensions 0.5 Â 0.5 mm 2 perpendicular to the NW length i.e. the FIB incidence angle was kept at 90 degrees, unless specied. The rectangular patterns were chosen to be sufficiently larger than the NWs to avoid any misalignment of the ion-beam. The ion dose was varied by controlling the exposure time or several passes, with a constant dwell time of 1 ms, current of 1.5 pA, and beam overlap of 50%. Three acceleration voltages high-30 kV, medium-16 kV, and low-2 kV were employed for the bending experiments.
Monte Carlo simulation
Ion-material interactions, including Ga implantation, atomic displacements, and point defect (vacancies and interstitials) formation are simulated to study the ion-induced bending phenomenon. Monte Carlo (MC) simulations were performed with the soware package Stopping and Range of Ions in Matter (SRIM) 19 based on binary collision approximations. A monolayer with typical values, threshold displacement energy of 15 eV and density of 2.32 g cm À3 , 20 was employed for a 100 nm thick Si target. MC calculations are performed at high-30 kV, medium-16 kV, and low-2 kV acceleration voltages to illustrate the bending phenomenon.
TEM imaging and characterization
Si NW samples for Transmission Electron Microscopy (TEM) were prepared using the FIB li-out technique using a Kleindiek micromanipulator (Model MM3A-EM) and platinum gas injection system (Pt GIS) equipped with the FIB/SEM system. The NWs fabricated over the Si substrate were rst welded to the micromanipulator tip with Pt, and the other end of the NW was then cut with FIB, to li-out the NW from the substrate. The NWs were subsequently transferred and welded to copper li-out TEM grids (Ted Pella, product 460-204). Exposure to the ion beam during imaging was kept to a minimum to avoid unintentional damage and bending of the NWs during transfer. The NWs, aer transferring to the TEM grid, were exposed to a FIB at two locations to get bent NWs for nanostructural characterization. TEM imaging of the samples was carried out on a FEG-S/TEM (CM20 FEG-S/TEM, Thermo Fisher, USA) operating at 200 kV.
Cell sample preparation and trapping
The cell samples were rst subcultured from commercial strain ATCC 13883 and 35218 on agar plates as detailed in previous studies. 21, 22 If xation is required, the cells were xed with 2.5% glutaraldehyde in phosphate-buffered saline (PBS) for 1 h. The cell samples were then rinsed three times with distilled water and stored in 4 C refrigerator. Prior to experiments, the cells in suspension were pipetted to glass slides and conrmed using a light microscope. For cell trapping experiments, a droplet of bacterial cells was then pipetted at 45 degrees to the Si wafer surface with the fabricated traps, and the liquid was removed immediately by blotting with lter paper (Whatman blotting paper).
Results and discussion
Si NWs fabricated with FIB implantation and wet chemical etching are utilized for in situ FIB induced bending experiments (see ESI Fig. S1 † for NW fabrication). Si NWs suspended on two contact pads are cut with FIB to allow the realization of NWs that are freestanding at one end and clamped to the contact pad at their base to study the bending phenomenon. Fig. 1(a) shows a false-coloured composite image of a Si NW obtained through a series of representative SEM images acquired at successive time-intervals during 30 kV Ga ion-beam irradiation with increasing dose. The ion beam is incident along the vertical direction as indicated through an arrow in Fig. 1(a) , and the irradiated sites are away from the NW free end. Initially, the NW starts to bend in the downward direction, i.e. in the direction away from the beam incidence. With the ion dose increased beyond a certain threshold, the NW starts bending in the upward direction. Finally, the NW aligns itself in the vertical direction, i.e. along the direction of beam incidence. The geometry of the bent NW does not change aer the ion beam irradiation is stopped; suggesting that the NW underwent plastic deformation in the irradiated region. The bidirectional nature of the bending, induced through the ion beam dose, provides an additional degree of freedom and can be employed for controlled manipulation of nanostructures offering a variety of 3-dimensional (3D) congurations, extending the nanofabrication capabilities of ion beams. [23] [24] [25] [26] [27] A typical 3D Si mesh structure obtained via nanostructure weaving through ioninduced bidirectional bending is depicted in the SEM image in Fig. 1(b) . The bending experienced by the nanostructures during in situ FIB irradiation must be a consequence of the stresses originating from the volume change due to implanted ions, point defects, and defect clusters in the Si lattice from a physical point of view. The development of such stresses in the lattice can generate a net bending moment, which will, in turn, lead to bending of the nanostructures. The location of these developed stresses with respect to the NW neutral axis, in principle, should govern the nanostructure bending direction.
To systematically investigate the effect of ion dose and energies on the bending behaviour of Si nanostructures, Si NWs with a typical diameter of 100-110 nm were employed, which is consistent with the ion implantation range determined in computational studies presented in the next section. A more quantitative analysis of SEM images acquired at successive time-intervals corresponding to each ion beam exposure provides insight and clarication of the bending phenomenon experienced by the nanowire (see Fig. S3 in the ESI † for a series of representative SEM images acquired at successive time-intervals during ion beam irradiation at increasing ion beam doses). In Fig. 2(a) , the NW bending angle is plotted as a function of the incident FIB dose (ions per cm 2 ) (a schematic diagram showing the incident FIB on the NW and NW bending angle is included in Fig. S2 , ESI †). The negative slope in the plot refers to downward bending, i.e. bending away from the ion beam direction, while the positive slope indicates the bending in the upward direction towards the incident ion beam. Signicant bending of Si NWs at ion doses as low as 10 14 ions per cm 2 is observed. The maximum bending angle in the downward direction is approximately 34 degrees, aer which a reversal of the bending direction is observed. With an increased ion dose, the NW aligns itself in the direction parallel to the incident ion beam, i.e. becomes approximately 90 degrees with respect to its initial orientation in the given conguration.
In order to further examine the in situ FIB induced bending of Si NWs, ion irradiation at medium (16 kV) and low (2 kV) acceleration voltages, respectively, was carried out (see Fig. S4 in the ESI † for a series of representative SEM images during ion irradiation at successive time intervals with increasing ion dose at 16 kV and 2 kV). The bending angle as a function of ion beam dose is plotted in Fig. 2(b) and (c) at 16 kV and 2 kV, respectively. It can be clearly observed that the formerly straight NW bends towards the incoming ion beam and eventually aligns itself along the beam incidence direction at high ion beam dose. The bending exhibited at 16 kV is in the upward direction only, which is in contrast with the bidirectional bending of the NWs at 30 kV. For a low acceleration voltage of 2 kV, the NW experiences similar upward bending; however, the NWs undergo bending up to a maximum angle of 15 only. The bending rate (i.e. the slope of the bending angle curve plotted with respect to the ion dose) is also affected by the acceleration voltage and the NWs are seen to undergo bending at a slower rate at the lower acceleration voltages.
The NWs, in the current study, were irradiated with an ionbeam incident at 90 degrees to the length of the NWs, to avoid any exposure to the Si substrate. It should be noted that the NW bending demonstrated in the current work is unlikely to be due to the substrate charging phenomenon as reported earlier. 14 In addition, the NWs employed in the current experiments are freestanding and away from the Si substrate, which further lowers any possibility of substrate charging. The electrostatic charges induced between the ion-beam and the NW (if assumed to be charged due to the previous beam scan) would be negligible due to a signicantly small current (1.5 pA) and ions used for bending. This implies that the bending behaviour observed in our case is not determined by electrostatic forces between the ion beam and the NW.
Our ndings of bidirectional bending are in contrast to previous studies on carbon cantilevers, 7 nanoporous gold (Au) cantilevers, 28, 29 and Si NWs; 30 where the bending towards incident ion beam was observed irrespective of ion beam energies/ target thickness. In addition, the bending exhibited at lower ion energies, observed in the current work, is also in contrast to the bending observations at high ion energies. Thus, there must be additional effects, which lead to the alternate bending behaviour exhibited by the NWs at 30 kV in contrast to the upward bending at 16 kV and needs to be investigated. Moreover, the ion hammering effect for the origin of stresses, similar to the heavy ion irradiation in amorphous materials, 3,4 cannot be responsible for NW bending due to the positive thermal coef-cient of Si. Similar to the calculations on germanium (Ge) NWs, 31 Si would require a negative thermal coefficient of expansion. In addition, an anomalous plastic deformation of Si NWs observed with low energy Ar ions 32 reveals that the viscoelastic model for swi heavy ion irradiation, 33 to explain the plastic ow of amorphous solids on the basis of a thermal spike region of cylindrical shape formed along the ion beam path, is rather contentious, and the model based on electronic energy loss cannot be generalized to low energy irradiation.
To investigate the underlying physics and the mechanisms involved in the ion induced bidirectional bending, the interaction of energetic Ga ions with Si NWs is evaluated. For the low kV beam energies, the implantation and the defect formation are limited to the few tens of nanometres, while increasing the beam energy results in deeper implantation along the target thickness. The collision cascade is largest for 30 kV and approximately spans 60-65 nm across the target depth, while 16 kV and 2 kV Ga ions are found to create a collision cascade within $40 nm and $15 nm of the NW thickness respectively (see Fig. S5 in the ESI † for details). These values are based on the consideration of an amorphous Si target in the MC calculations. Fig. 2(d) shows the Ga ion distribution and atomic displacements/Angstrom-ions (a sum of vacancies and replacement collisions) in Si caused by Ga ions calculated using MC simulations. Approximately 742, 420, and 65 vacancies and interstitial pairs are created at 30 kV, 16 kV, and 2 kV, respectively, per implanted Ga ion. The vacancy defects in the collision cascade can be ripened into voids, with the concurrent densi-cation due to interstitial knock-ons. 34 The distribution of a cascade along the target depth, due to low and high ion energies, can be used to locate the domains of vacancies or interstitial concentrations. The excess of vacancies is found towards the ion-irradiated surface while the interstitials dominate the un-irradiated surface (see Fig. S5 in the ESI † for details). The volume expansion due to the incorporation of interstitials in the lattice corresponds to the generation of compressive stresses, 8 and such lattice strains extend far beyond the collision cascade. 35 The excess of vacancies, on the other hand, corresponds to the generation of tensile stresses associated with a contraction of volume. The generation of such stresses is believed to be the primary reason for ion irradiation induced bending. 5, 7, 8, 36, 37 The volume expansion or swelling around the interstitial is more than the volume contraction around vacancies; 38 thus, the formation and location of interstitial clusters play a major role in ion induced bending. 39 The formation of such interstitial clusters grows with a prolonged ion exposure followed by sputtering of Si at higher ion doses and reconstruction. The observation of interstitials in the form of dislocation networks through X-ray diffraction imaging of ion irradiated Au nanocrystal support the dominance of interstitials at high ion doses. 35 However, at low ion doses, the microstructure is dominated by vacancies. 35 It must be noted that the sputtering rates of nanostructures are higher due to their large surface-to-volume ratio, 32 when compared with sputtering of their bulk counterparts. At very low ion doses, it is hardly possible to remove surface atoms from Si NWs with Ga ions due to limited sputtering yield of Si.
In addition to the creation of interstitials/vacancies, the collision cascade due to ion irradiation, accompanied by a thermal spike region, develops an atomic mass transport in the region well beyond the implantation range. Such mass transport has been reported for Si nanopore formation with FIB. 40 In fact, the direction of atomic mass transport via plastic deformation based on the incident ion energy was understood to be the primary factor controlling the deection of Al cantilevers through molecular dynamics (MD) simulations. 18 Similar observations were made for ion induced bending of Al cantilevers, 17 suggesting the bending due to the transport of interstitial clusters far above the irradiated region. An extended dislocation network observed through X-ray diffraction measurements in ion implanted Au nanocrystals further conrms the generation of lattice strains far beyond the iondamaged layer. 35 Such dislocation clusters, extending well beyond the ion implantation range are most likely expected to be of interstitial type. 41 Similar formation of dislocation loops in ion irradiated Al has also been observed through TEM imaging. 42 The accumulation of interstitial clusters leads to volume expansion in the region beyond the ion implantation range, causing ion induced bending of Al, Au cantilevers. 17, 29 Low energy ion dosage induces penetration of ions only near the ion-irradiated top region, thereby contributing to the mass transport to the ion-irradiated top region and resulting in upward deection towards incident ions. High energy ion dosage, on the other hand, induces ion penetration near to the bottom of the ion-irradiated surface (depending on the thickness), and thus providing the mass transport towards the bottom surface, resulting in downward deection away from the incident ion beam. The compressive stresses are built up in the NW in the ion-irradiated region due to the sputtering of Si atoms from top layers and redistribution of the disturbed atoms in the collision cascade, because of further exposure to ions. The formation of such compressive stresses in the NW surface towards the incident ion beam generates a net bending moment in the upward direction. The NWs, thus, reverses its motion and bends towards the incident ion beam until a new equilibrium state is obtained.
In the current work, we report NWs bending away from the incident ions up to a threshold ion dose of $7 Â 10 14 ions per cm 2 at high energy ( Fig. 2(a) ). This is due to the volume expansion towards un-irradiated side (bottom) of the NW. However, in earlier studies on GaAs, 8 ZnO, 36 and Ge NWs, 43 the bending of nanostructures away from the incident ions was attributed to the volume expansion in the irradiated side of NWs at shallower depths (low energy irradiation). The alignment towards incident ions was observed during high energy irradiation causing volume expansion towards the un-irradiated side. 8, 36, 43 Such an anomaly is also observed at low energy irradiation in the current work, where the shallower irradiation induced volume expansion towards the irradiated side (NW top) developing upward bending of the Si NWs (Fig. 2(b) ).
We further experimented ion irradiation at 30 kV on a Si NW along its entire length (global ion irradiation) similar to the broad/plasma ion irradiation of the NWs/cantilevers reported earlier. This contrasts with the site-specic/local ion irradiation used in this work (Fig. 2) . The globally irradiated Si NW, still leading to the volume expansion at 30 kV towards un-irradiated side, was now found to bend upwards/towards incident ions (see Fig. S7 in the ESI † for details). No bidirectional bending was observed. This is similar to the earlier reported bending of the NWs towards the ion beam if the volume expansion is towards the un-irradiated side of the NWs. 8, 36, 43 In fact, local irradiation with shallow penetrations, limited to the irradiation side of Si NWs 30 and carbon cantilevers 7 cause the nanostructure to bend towards the incident ions. This highlights the strong inuence of the choice of the irradiation scheme, whether site-specic/ local or global, on the bending behaviour of NWs, in addition to the other factors like collision cascade, associated volume changes, mass transport, sputtering, etc.
These ndings, suggesting the importance of sites being irradiated, i.e. localized or global, are crucial, and provide additional control for weaving of nanostructures in addition to the ion beam parameters. Such bending effects can potentially arise from the density difference between the damaged and un-damaged regions. 39 For local irradiation, the volume expansion in the irradiated domain is surrounded by the undamaged region leading to such density difference and can be a probable cause for the observed bending effects of localized ion irradiation (refer to Fig. S8 in the ESI † for summary and comparison of mechanisms for local vs. global ion irradiation induced bending). The volume expansion develops reactive forces in the un-damaged region. Such forces lead to the generation of a bending moment on the NWs, the direction of which depends on the relative location of volume expansion region.
In light of the above discussion, the bending mechanism is presented schematically in Fig. 2(e ) and (f) for ion induced NW bending at high and low ion energies, respectively. The volume expansion, caused at high ion energies towards the NW unirradiated side, surrounded by the un-damaged region, develops a force towards the region of volume expansion. The development of such force towards the NW un-irradiated side leads to the generation of a downward bending moment, as shown through the schematics in Fig. 2(e) : I and II, and the NW undergoes a downward bending. The phenomena of sputtering and surface reconstruction starts dominating at higher energies with a continued exposure to the ion beam i.e. at a high dose ( Fig. 2(e) : III and IV), which is evident from the NW at the onset of bending reversal (SEM image Fig. S3(d) in the ESI †). The removal of atoms at high energies (30 kV), leads to the reversal of the bending moment and the NW bends in the reverse direction. In this stage, the NW bending behaviour is dominated by the sputtering of the irradiated region, and a faster bending towards incident ion beam is observed (also evident from a steep slope of the bending curve during the upwards bending as seen from Fig. 2(a) ). For low ion energies, on the other hand, the collision cascade and interstitials including the implanted ions occur towards the ion-irradiated side of the NW (Fig. 2(f) : I-II). This creates a volume expansion in the NW ionirradiated top region, and NW undergoes upward bending at low energies and continues aligning itself towards the ion beam direction at successive ion irradiation.
In order to further consolidate the bending mechanism, nanostructural investigations based on TEM were carried out on Si NWs in order to study the ion-induced deformations (see Fig. S6 is ESI † for details on TEM sample preparation). The TEM images of a fabricated Si NW with diameter $110 nm are shown in Fig. 3(a) and (b) . The contrast in the high-magnication TEM image as shown in Fig. 3(b) , and the associated electron diffraction pattern as shown in Fig. 3(c) , both indicate the polycrystalline nature of fabricated NWs. The polycrystalline transformation of Si NWs is believed to be due to ion beam implantation during the fabrication process to obtain the suspended Si NWs. The Si NW was bent with FIB irradiation at an acceleration voltage of 30 kV, and the corresponding TEM characterization results are included in Fig. 3(d)-(h) . The NW, even aer bending, is found to maintain the polycrystalline state as evident from the electron diffraction pattern in the Fig. 3(f) . A high-magnication TEM image of the bent NW is included in Fig. 3(e) . Upon prolonged exposure (high dose) to Ga ion irradiation, the NW exhibits two clearly distinguishable regions: sparse, ion-irradiated top region (Region (1)) and unirradiated, bottom region (Region (2)). The sparse ion-irradiated region (Region (1)) in Fig. 3(e) and (g) is in contrast to the unirradiated region in Fig. 3(b) and (h) visibly evident from the image contrast. The NW irradiated surface, as evident from the high magnication TEM images in Fig. 3(e) and (g) exhibiting a smoothened irradiated surface, indicates the ion beam sputtering effects associated during the bending process at high ion doses. The irradiated NW surface, in contrast to the un-irradiated surface, appears to have reduced surface roughness. The power spectral density (PSD) calculations are carried out for analysing and comparing the surface roughness of irradiated and un-irradiated NW surfaces as shown in Fig. 3(i) , with a TEM image in the inset showing the outline of compared surfaces. The un-irradiated NW surface has both low frequency and highfrequency roughness towards the higher side as compared to the ion-irradiated NW surface. The improvement in the surface roughness of the ion-irradiated NW surface is an indication of ion-induced smoothening process. Thus, the nanostructural characterization of the bent NW at higher doses conrms that the bending behaviour is dominated by sputtering of the NW atoms at the irradiated surface, and the NW bends towards the incident ion beam. 
Weaving 3D nanostructures
In situ FIB induced bidirectional bending demonstrated here can be employed for controlled manipulation and weaving of freestanding nanostructures into complex 3-dimensional nanostructures for desired functionality. The main limitation for the realization of such 3-dimensional nanostructures, however, is the fabrication of freestanding nanostructures. The residual stresses developed during thin lm deposition and fabrication of such freestanding nanostructures can lead to unwanted and uncontrolled deformations. The fabrication of suspended nanostructures through the combination of FIB implantation and bulk structuration via wet etching of Si in this work overcomes such issues. Controlled manipulation and weaving of fabricated suspended nanostructures were further carried out with FIB in situ to realize 3D nanostructures. Fig. 4 shows SEM images of 3D nanostructures obtained via controlled weaving and nanostructure manipulation. We would like to point out the effects of sputtering during controlled manipulation and weaving of nanostructures. As discussed earlier, the continued exposure to the ion beam leads to the sputtering of the nanostructures and reversal of bending at high ion energies. For the controlled manipulation and weaving of nanostructures towards the ion beam at 30 kV, we observed the thinning of the bending cross-section, arising from the sputtering of Si with an ion beam dose of $7 Â 10 14 ions per cm 2 at 30 kV. The sputtering effects associated with ion induced bending during nanomanipulation could be a limiting aspect for geometry sensitive applications. Such sputtering effects, however, can be avoided employing low ion doses with high/low ion energies to induce downward/upward bending, respectively.
An ultra-long vertical NW (length 33 mm and high aspect ratio of 300) was obtained via ion beam induced upward bending of a Si NW freestanding at one end and attached to the Si post at the other end. The ultra-long fully bent NW is shown in Fig. 4(a) , which has been bent at 90 degrees. Such high aspect ratio NWs can be utilized for multifunctional applications in photonics or materials sciences. A pair of NWs bent in two alternative perpendicular directions is shown in Fig. 4(b) , where the ion beam was irradiated at three locations along the NW length and in the directions perpendicular to the previous scan. The NWs bent in two alternative perpendicular directions were obtained through ion beam irradiation along the NW length at multiple locations. The ion beam was incident perpendicular in subsequent location to the direction in the previous location along the NW length to realize the NWs bent in two perpendicular directions. An array of suspended NWs bent in the downward direction, i.e. in the direction opposite to the incident ion beam, is shown in Fig. 4(c) . Such in situ bidirectional manipulations demonstrate the ease with which the nanostructures can be designed for desired functionality. A hook-shaped nanostructure, fabricated through multiple FIB irradiations along the NW length, is shown in Fig. 4(d) . The hook-shaped nanostructure was fabricated via continuous and controlled bending on a Si NW along its length. The NW was irradiated with Ga ions through a line pattern scan, which was moved along the NW length aer each irradiation, resulting in continuous bending of NW and formation of a hook shape. This strategy can be further employed for fabrication of exotic 3dimensional coil nanostructures through continuous and controlled manipulations along the NW length. The controlled weaving of freely suspended Si mesh nanostructures was further employed through in situ ion irradiation of Si nanostructures in order to realize folded 3D nanostructures. The ion beam was scanned over a pre-dened line pattern on a Si mesh in order to bend it (see Fig. S9 in the ESI † for fabrication details). Fig. 4(e) includes the SEM image of a 3D nanostructure in the form of a mesh, demonstrating the process capability. The analysis of ion induced bending at different processing parameters can be used to ascertain the deterministic nature of the bending process as needed for 3D freeform fabrication. Fig. 2(a) -(c) provide an accurate estimate of processing parameters for realizing the controlled bending of nanostructures. For example, referring to Fig. 2(a) , for a nanostructure close to 100 nm in diameter to bend 30 degrees in the downwards direction, an ion dose of $5 Â 10 14 ions per cm 2 at 30 kV should be used. Similarly, for a nanostructure with a bending angle of 30 degrees in the upward direction, an ion dose of $2.5 Â 10 15 ions per cm 2 at 30 kV or $4 Â 10 15 ions per cm 2 at 16 kV should be used.
Thus, the availability of these processing parameters as a reference can be used for deterministic bending of nanostructures for controlled manipulation, as has also been shown through the examples in Fig. 4 . This suggests that complex nanostructures can be engineered in situ through ion-induced bending. Thus, the developed approach is effective for fabrication of thin lm 3D nanostructures for desired functionalities and will enable the development of future novel nanoscale devices.
The developed approach provides an excellent route for novel single cell applications such as the interactions between bacteria and the Si nanostructures. Bacteria are social organisms, displaying distinct group behaviours, which are oen required in large numbers to conduct mechanistic studies for probing the molecular processes for antibiotic resistance, etc. 44 Live cell imaging application of the fabricated suspended nanostructures (NWs) is illustrated in Fig. 4(g) , where an optical image is shown demonstrating the stained live bacterial cells showing aligned patterns. The corresponding array of suspended NWs used for live cell imaging is shown through the SEM image in Fig. 4(f) . The SEM image of bacteria loaded nanowires included in the inset of Fig. 4(g) shows aligned growth similar to the self-assembly and adhesion of the bacterial cell over vertical NWs demonstrated previously. 45, 46 The proposed approach in the study provides a simpler yet more exible alternative towards the study and understanding of cell adhesion with 3D nanostructures. A new "bacterial mesh trap" is designed through the developed nanofabrication and the in situ FIB manipulation approach for capturing the bacterial cells. Fig. 4(h) presents the design of the trap and the obtained structures via fabrication and controlled manipulation of the Si suspended mesh (see Fig. S10 in the ESI † for fabrication details). The fabricated "bacterial mesh trap" is demonstrated to be effective for capturing of bacterial cells in solution as shown in Fig. 4 (i). The mesh size ($1 mm) ensured bacteria capturing within the trap, while being permeable to nutrients and waste products through the mesh. The vertical mesh sides further wrapped the bacteria as enclosing walls, facilitating three-dimensional organization, which has been infeasible previously.
Conclusions
In this work, novel fabrication of Si 3D nanostructures is demonstrated through a combination of ion implantation and wet etching of Si followed by keV ion induced in situ controlled manipulation. The achievements include (1) suspended Si NWs fabricated through the combination of FIB implantation followed by top-down bulk structuration via anisotropic wet etching of Si. (2) One notable nding is the bidirectional bending at higher ($30 kV) ion energies. The Si NWs were found to bend away from an incident ion beam initially possibly due to penetration of the incident Ga ions and the resulting formation of defects. The NWs eventually align in the direction of the incoming ion beam due to the removal of atoms from the Si lattice possibly from sputtering effects. Unlike irradiation at 30 kV, the NWs only exhibited bending towards incident ions at lower ion energies (including 2 kV and 16 kV). We further observed that the bending rate of Si NWs is dependent on ion energies, and it was found to decrease with lowering ion energies. An important consideration of local vs. global ion irradiation correlating the bending effects associated with local ion irradiation in contrast to global ion irradiation is presented. (3) The bidirectional nature of ion-induced bending provides an additional degree of freedom, and the proposed method can be utilized for deterministic 3D nanofabrication and manipulation of nanostructures for desired functionalities, such as ultra-long NWs, folded nanomeshes, live cell imaging, and "bacterial mesh traps". This work will be inspiring for 3D nanofabrication of unique geometries, and open new avenues in the diverse eld
